NS/ S
SEPTEMBER 9, 1985
National 2] _5477

Aeronautics and
Space
Administration

THERMAL BARRIER COATING
LIFE-PREDICTION
MODEL DEVELOPMENT

FIRST ANNUAL REPORT

BY

T.E. STRANGMAN
AND
J. NEUMANN

FOR NASA LERC CONTRACT NAS3-23945

~ w | GARRETT TURBINE ENGINE: COMPANY
cArnEYT) A DIVISON OF THE GARRETT CORI'ORATION
B U PHOENIX ARIZONA




By I\ O g af g0 Wb ON N gN P O W) gn SN U BN T

1189
1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.
CR-175002
4. Title and Subtitle 5. Report Date

Thermal Barrier Coating Life-Prediction Model
Development Annual Report

September 9, 198t

6. Performing Organization Code

. Author(s)

T.E. Strangman
J. Neumann

8. Performing Organization Report No.

21-5477

. Performing Organization Name and Address

Garrett Turbine Engine Company
111 s. 34th Street, P.O. Box 5217
Phoenix, AZ 85010

10. Work Unit No.

11. Contract or Grant No.

NAS3-23945

13. Type of Report and Period Covered

. ing A N d Addres: :
Sponsoring Agency Name an ress Annual, First Year

NASA-Lewis Research Center 14, Sponsoring Agency Code

. Supplementary Notes

Project Manager: R.A. Miller
NASA-Lewis Research Center

Cleveland, Ohio 44135

16. Abstract

This program focuses on predicting the lives of two types of strain-tolerant
and oxidation-resistant TBC systems that are produced by commercial coating
suppliers to the gas turbine industry. The plasma-sprayed TBC system, composed
of a low-pressure plasma-spray (LPPS) applied oxidation resistant NiCraAlY bond
coating and an air-plasma-sprayed yttria (8 percent) partially stabilized
zirconia insulative layer, is applied by both Chromalloy (Orangeburg, New York)
and Klock (Manchester, Connecticut). The second type of TBC is applied by the
electron beam - physical vapor deposition (EB-PVD) process by Temescal (Berkeley,
California).

The first year of this multiyear program was focused on literature review,
specimen procurement, TBC system characterization, and nondestructive evaluation

methods.

Thermomechanical and thermochemical testing of the program TBCs is now in
progress. A number of the thermomechanical tests have been completed. Fracture
mechanics data for the Chromalloy plasma-sprayed TBC system indicate that the
cohesive toughness of the zironia layer is increased by thermal cycling and
reduced by high temperature exposure at 1150C.

Eddy current technology feasibility has been established with respect to
nondestructively measuring zirconia layer thickness of a TBC system.

High-pressure turbine blades have been coated with the program TBC systems
for a "piggyback™ test in a TFE731-5 turbofan factory engine test. Data from this
test will be used to validate the TBC life models.

17.

Key Words {Suggested by Author(s)) 18. Distribution Statement

Thermal Barrier
Life Prediction
Development Program

19. Security Classif. {of this report)

22 Price®

20. Security Classif. (of this page)} 21. No. of Pages

UNCLASSIFIED

UNCLASSIFIED 61

* For sale by the National Technical Information Service, Springtield. Virgima 22161

NASA-C-168 (Rev. 10-75)




P-148:0903

A
N

GARRETT TURBINE ENGINE COMPANY

A DIVISION OF THE GARRETT CORPORATION
PHOENIX. ARIZONA

TABLE OF CONTENTS

1.0 SUMMARY

2.0 INTRODUCTION

3.0 LITERATURE REVIEW

3.1

3.2

4.0 TBC

Process-Microstructure Relationships

3.1.1 Plasma-Sprayed Coatings
3.1.2 EB-PVD Coatings

TBC Durability and Life Prediction

3.2.1 Thermomechanical Considerations
3.2.2 Thermochemical Considerations

SYSTEMS AND SPECIMEN PROCUREMENT
STRENGTH AND TOUGHNESS

TBC Strength and Toughness
Tension/Compression Spalling Strain Tests
Environmental Tests

Thermal Conductivity

Nondestructive Evaluation Technologies
Factory Engine Test

6.0 CONCLUSIONS

REFERENCES

PRECEDING PAGE BLANK NOT FILMED

21-5477
iii



P-148:0903

| GARRETT TURBINE ENGINE COMPANY

Figure

1-1

3-1

3-3

3-4

3-10
3-11

3-13

3-14

A DIVISION OF THE GARRETT CORPORATION
PHOENIX. ARIZONA

LIST OF ILLUSTRATIONS

Title

Constituents of a Thermal Barrier Coating System

Ceramic-Metal Interface with High Micro-Roughness
Maximizes Ceramic Layer Adhesion in Plasma-Sprayed
TBCs

The Zirconia Layer of a Plasma-Sprayed TBC System
Contains Microporosity and Subcritical Micro-
cracking to Minimize the Elastic Modulus

Localized Columnar Solidification Microstructure
in Plasma-Sprayed Zirconia Coating (Partially
Stabilized with Yttria) Becomes Microcracked
bDuring Thermal Cycling

EB-PVD-Applied TBC System Has a Strain-Tolerant
Columnar Zirconia Microstructure

TBC Erosion Rates Are Dependent on Zirconia
Microstructure and Impingement Angle

Spalling Strains for Thermal Barrier Coatings
Are Dependent on Deposition Process and Zirconia
Microstructure

Cohesive and Interfacial Toughness of TBC System
Can Be Quantified with Modified Bond Strength Test

Interfacial Toughness Test Identifies Microstructure
Weakness and Quantifies Influence of Process
Modifications

TBCs Have Tensile and Compressive Mechanical
Failure Modes

Oxidation-Induced Spalling in Plasma-Sprayed TBC

TBC Application Process and Temperature Affects the
Oxidation Life of the Bond Coating

Environmental Life Model Incorporates Two Modes
Of Hot Corrosion and Oxidation

Diffusion Aluminide Coating Life Is Predicted By
a Computer Model

Anticipated Thermochemical TBC Life Prediction Model
Will Have Oxidation and Molten Salt Film Damage
Modes .

21-5477
iv

10

13

15

17

18

19

21
25

26

28

29

31



P-148:0903

I GARRETT TURBINE ENGINE COMPANY

Fiqure
4-1

4-3

4-4

4-7

5-1

5-3

5-4

A DIVISION OF THE GARRETT CORPORATION
PHOENIX, ARIZONA

LIST OF ILLUSTRATIONS (Contd)
Title

Pretest Microstructure of Chromalloy Plasma-Sprayed
Ni-31Cr-11A1-0.5Y Plus ¥,03 (8 Percent)
Stabilized ZrO, Thermal Barrier Coating System

Pretest Microstructure of Klock Plasma-Sprayed
Ni-31Cr-11A1-0.5Y Plus Y,03 (8 Percent)
Stabilized ZrOj Thermal Barrier Coating System

Pretest Microstructure of Temescal EB-PVD
Ni-23Co-18Cr-11A1-0.3Y Plus Y503 (20 Percent)
Stabilized Z2rO; Thermal Barrier Coating System

Burner Rig Specimens Are Used to Calibrate
Environmental Life Model

Cohesive (Interfacial) Strength and Toughness
Specimen Is Used to Obtain Fracture Mechanics
Data. This Specimen Is Also Used for NDE
Feasibility Studies

Thermal Conductivity Specimens Are Used to
Quantify Heat Conductance of Thermal Barrier
Coating System

Thin-Walled Tube Specimens Are Used to Measure
Zirconia Modulus and Spalling Strains in Tension
and Compression

Cohesive Strength Failures of Chromalloy TBC
System Occur Adjacent to the NiCrAlY-Zirconia
Interface

Cohesive Toughness of Chromalloy Plasma-Sprayed
Zirconia Is Increased by Thermal Cycling

Cohesive Toughness of Chromalloy Plasma-Sprayed
Zirconia Is Reduced by 1150C Exposure

Zirconia Layer of Chromalloy TBC System Did Not
Spall When the Specimen Failed. Numerous
Parallel Tensile Cracks Were Observed in the
Zirconia

Compression Spalling and Substrate Buckling
Occurred Approximately Concurrently

21-5477
v

Page

33

34

35

37

37

38

38

41

43

44

48

48



P-148:0903

m GARRETT TURBINE ENGINE COMPANY

A DIVISION OF THE GARRETY CORPORATION
PHOENIX, ARIZONA

LIST OF ILLUSTRATIONS (Contd)
Title

Variation of Resistance with Reactance Is
Sufficient to Use Eddy Current Technology
to Quantify Zirconia Thickness

Reproducibility of Eddy Current Response Is
Good for Chromalloy Thermal Barrier Coating
System

21-5477
vi

51

52

Sumk S S emin ) e e A e s aan e el G



|

P-148:

=

Table

0903

GARRETT TURBINE ENGINE COMPANY
A DIVISION OF THE GARRETT CORPORATION
PHOENIX. ARIZONA

LIST OF TABLES
Title
SUPERALLOY COMPOSITIONS (WEIGHT PERCENT)

COHESIVE STRENGTH AND TOUGHNESS OF CHROMALLOY
PLASMA-SPRAYED TBC SYSTEM

COHESIVE STRENGTH AND TOUGHNESS OF CHROMALLOY
PLASMA-SPRAYED TBC SYSTEM AFTER AN 1150C
EXPOSURE

ZIRCONIA SPALLING STRAIN LIMITS OF CHROMALLOY
TBC SYSTEM ARE BEING ESTABLISHED

21-5477
vii

45

47



‘e -,

P-148:0618
GARRETT TURBINE ENGINE COMPANY
A DIVISION OF THE GARRETT CORPORATION
PHOENIX. ARIZONA

THERMAL BARRIER COATING
LIFE-PREDICTION MODEL DEVELOPMENT
FIRST ANNUAL REPORT

1.0 SUMMARY

Thermal barrier coatings (TBCs) for turbine airfoils in high-
performance engines represent an advanced materials technology with
both performance and durability benefits. The foremost TBC benefit
is the reduction of heat transferred into air-cooled components. To
achieve these benefits, however, the TBC system must be reliable.
Mechanistic thermomechanical and thermochemical 1life models and
statistically significant design data are therefore required for the
reliable exploitation of TBC benefits on gas turbine airfoils.
Garrett's NASA-Host Program is designed to fulfill these require-

ments.

This program focuses on predicting the lives of two types of
strain-tolerant and oxidation-resistant TBC systems that are pro-
duced by commercial coating suppliers to the gas turbine industry.
The plasma-sprayed TBC system, composed of a low-pressure plasma-
spray (LPPS) applied oxidation resistant NiCrAlY (or CoCrAlY) bond
coating and an air-plasma-sprayed yttria (8 percent) partially
stabilized =zirconia insulative layer (Figure 1-1), is applied by
both Chromalloy (Orangeburg, New York) and Klock (Manchester,
Connecticut). The second type of TBC is applied by the electron
beam - physical vapor deposition (EB-PVD) process by Temescal
(Berkeley, California). '

The first year of this multiyear program was focused on the

following activities:

Literature review
Specimen procurement
TBC system characterization

O O O o

Nondestructive evaluation methods

21-5477
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Figure 1-1. Constituents of a Thermal Barrier
Coating System.,
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Thermomechanical and thermochemical testing of the program TBCs
is now in progress. A number of the thermomechanical tests have
been completed. Fracture mechanics data for the Chromalloy plasma-
sprayed TBC system indicate that the cohesive toughness of the
zirconia layer is increased by thermal cycling and reduced by high

temperature exposure at 1150C.

Eddy current technology feasibility has been established with
respect to nondestructively measuring zirconia layer thickness of a

TBC system.

High-pressure turbine blades have been coated with the program
TBC systems for a "piggyback" test in a TFE731-5 turbofan factory
engine test. Data from this test will be used to validate the TBC

life models.

21-5477
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2.0 INTRODUCTION

Thermal barrier coatings (TBCs) for turbine airfoils in high-
performance engines represent an advanced materials technology that
has both performance and durability benefits. Foremost of the TBC
benefits is the reduction of heat transferred into air-cooled compo-
nents. To achieve these benefits, however, the TBC system must be
reliable. Mechanistic thermomechanical and thermochemical 1life
models and statistically significant design data are therefore re-
quired for the reliable exploitation of TBC benefits on gas turbine
airfoils. This 60-month program is designed to fulfill these re-

quirements.

GTEC strategy for this program comprises the follo.wing objec-

tives:

o} Development of mission-analysis-capable thermochemical and
thermomechanical TBC 1life models that recognize and
‘account for all significant mission, engine, and component
design factors. These parameters include temperature,
time, six TBC strain components, turbine pressure, and
aircraft altitude (salt ingestion).

o) Development of rapid computation approaches for estimating
TBC life during preliminary design iterations.

o Development of a comprehensive TBC life model to provide
the desired accuracy for final component designs.

o Obtaining design data for plasma-sprayed and electron beam

evaporation - physical vapor deposition (EB-PVD) TBC sys-
tems produced by commercial suppliers to the gas turbine
industry; i.e., Chromalloy, Klock, and Temescal.

21-5477
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(o} Development of affordable tests to obtain the statisti-
cally significant design data required to calibrate TBC

life models.

The program consists of two phases. Phase I, Failure Mode
Analyses and Model Development (Tasks I - V and A), is a 36-month
technical effort and focuses on experimentally quantifying plasma-
sprayed and EB-PVD failure modes and on developing engine-mission-
analysis-capable preliminary TBC life prediction models for major
failure modes. Task A is a GTEC-funded task providing for coating
HP turbine blades with the specific coating systems selected for
Phase I and conducting piggyback factory engine tests to provide
data to verify the TBC life prediction model's accuracy.

Phase II, Design-Capable Life Models (Tasks VI-XI and B), is a
24-month optional effort to be exercised by NASA at the end of
Phase I. It provides for additional experimental quantification of
failure modes in plasma-sprayed TBCs and development of a comprehen-
sive, mission-capable model with the desired accuracy for final
designs. The mission-analysis capability of the TBC life model will
be validated with analyses of multitemperature burner rig tests and
factory test engine experience. In addition, GTEC-funded Task B
provides for applying TBC systems that were successfully factory-
tested in Task A to HP turbine blades. These blades will be made
available for piggyback field engine tests. Available field test
data will also be used to validate the TBC life models. Design cap-
abilities of the TBC life analysis procedures will be applied to the
design analysis of a high-performance thermal~barrier-coated HP tur-

bine component.

Tasks I, IV, and A were active during this reporting period and
encompass a literature review, specimen procurement, and data acqui-
sition to calibrate the materials life models. These subjects are

reviewed in the following sections.

21-5477
5




P-148:0621
‘ @ GARRETT TURBINE ENGINE COMPANY
A DIVISION OF THE GARRETT CORPORATION
PHOENIX, ARIZONA

3.0 TECHNOLOGY ASSESSMENT

To facilitate development of an experimental plan for TBC life
prediction, available literature for coating processing, TBC micro-
structures and composition development, and 1life prediction were
reviewed. Results of this review are presented in the following

paragraphs.

3.1 Process-Microstructure Relationships

Two distinct processes have been developed for the application
of TBCs to gas turbine components:

o Plasma Spray
(o] EB-PVD

At this stage of development, the plasma-spray process has pro-
duction status for both combustors and airfoils. In contrast, the
EB-PVD process is at an advanced state of development. The follow-
ing sections review the process-coating microstructure relationships
required to achieve viable TBC systems.

3.1.1 Plasma-Sprayved Coatings

The plasma-spray coating process is a form of thermal spray
that uses an ionized gas plasma to melt and propel the powdered
coating alloy toward the substrate. 1In this process, a gas mixture
is ionized to the plasma state by passing it through a high-inten-
sity electric current. Heat is transferred from the plasma to melt
the particles of the injected powdered alloy. Velocity of the plas-
ma can be as high as Mach 2. Powder particles are accelerated by
the high velocity plasma and then impacted on the surface of the
component to build up the coating.

21-5477
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Plasma-spray factors associated with the degree of particle
melting and subsequent particle velocity include the particle size

and feed rate, plasma gas composition, electric current strength,
and standoff distance to the component. The selection of specific
coating parameters depends on the material being sprayed, micro-
structural requirements, and the equipment design.

The metallic, oxidation-resistant bond coating layer can be
applied in either an air environment or a protective atmosphere.
The choice is basically dictated by the component metal temperature
in service. Application of the oxidation-resistant metallic coating
in a low pressure argon environment results in significantly in-

creased oxidation life.

For sheet-metal applications (such as combustors and transition
liners), the metal temperature is maintained below about 870C. At
these temperatures, air-sprayed NiCrAlY possesses adequate oxidation
resistance for long-life applications.

In contrast, turbine airfoils are designed for higher tempera-
ture applications above 870C. Consequently, the deposition process
should not compromise the oxidation resistance of the bond coating.
For this more demanding application, the bond-coating layer is
applied using a low pressure plasma spray (LPPS) process in a cham-
ber with a soft vacuum.

The major advantages of LPPS over conventional air plasma spray
are better bond strength and oxidation resistance. The better bond
strength of LPPS coatings is mainly achieved by the reverse-transfer
arc cleaning of the substrate, which removes detrimental base-metal
oxides just prior to spraying, and increased substrate temperatures
of 870 to 980C, which allow for limited diffusion of the coating in-
to the substrate. In contrast, to avoid excessive oxidation during
coating, substrate temperatures in air-plasma spray rarely reach
more than 540C.

21-5477
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Ceramic layers of plasma-sprayed TBC systems are typically
applied at metal temperatures in the range of 100 to 300C to avoid
compressive thermal expansion mismatch stresses, which could buckle

the coating.l Consequently, mechanical interlocking of the ceramic
and metallic layers is the initial adhesion mechanism (Figure 3-1).
Thus, a properly applied TBC system has an (Ni,Co)CrAlY/zirconia
interface with a high roughness. This interface provides a tortuous
path for cracks to follow, and cracks are forced to propagate within
the ceramic layer. On the other hand, if the (Ni,Co)CrAlY layer is
improperly applied (relatively smooth), the toughness of the inter-
face is low, and zirconia spalling occurs easily at the interface.

The insulative ceramic 1layer of thermal barrier coatings is
usually applied by air-plasma spray. This is necessary to maintain
the chemical balance (stoichiometry) of the =zirconia, which can
become depleted of oxygen if sprayed in a vacuum chamber.

Strain accommodation has been built into plasma-sprayed TBC
systems by incorporating 10 to 15 percent porosity into the coating
and by using partially stabilized ZrOs compositions that produce a
large number of subcritical microcracks (Figqures 3-2, 3-3). These
modifications reduce the apparent elastic modulus and, therefore,
minimize the stress that can develop in the ceramic layer for a
given strain level. Both of these strain accommodation mechanisms
have contributed to the success of plasma-sprayed TBCs. Porosity
can be incorporated into virtually all ceramic-layer compositions of
interest. Subcritical microcracking is most readily achieved with
zirconia partially stabilized with 6 to 8 percent (by weight) of
yttria.

Microcracking is not fully developed, however, in the as-
sprayed condition. As indicated in Figure 3-3, plasma-sprayed
yttria partially stabilized zirconia can develop a columnar solidi-
fication structure within most of the "splattered" particle layers.
Testing has indicated that thermal cycling is necessary to achieve

21-5477
8
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Figure 3-1. A Ceramic-Metal Interface with High Micro-Roughness
Maximizes Ceramic Layer Adhesion in Plasma-Sprayed TBCs.
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Figure 3-2. The Zirconia Layer of a Plasma-Sprayed TBC System
Contains Microporosity and Subcritical Microcracking to
Minimize the Elastic Modulus.
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Before Thermal Cycling After 9000 Oxidation Cycles to 1010°C

Figure 3-3. Localized Columnar Solidification Microstructure
in Plasma-Sprayed Zirconia Coating (Partially Stabilized with
Yttria) Becomes Microcracked During Thermal Cycling.

21-5477
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the majority of the subcritical microcracking of the solidification

microstructure. An acoustic emission study indicated that most of
the microcracking probably occurs during the initial thermal
cycle(s). Once formed, the small intercolumnar gaps in this micro-
structure are available to accommodate imposed strains by free
expansion (or contraction) of the columns into the gaps, which re-
sults in minimal stress build-up in the coating.

Published data? indicates that as-sprayed, 8 percent Y;03-sta-
bilized ZrO has tensile and compressive moduli in the 7 to 35 GPa
range, which is well below the 154 GPa value for 95 percent dense
polycrystalline stabilized zirconia.3 Following completion of the
segmentation of the columnar solidification structure during initial
thermal cycling, the elastic modulus of the partially stabilized
zirconia may be reduced to well below the levels measured for the

as-sprayed coatings.

Acceptable durability of TBCs with strain tolerant microstruc-
tures has been thus far limited to relatively mild salt ingestion,
mild particulate erosion, and clean fuel environments typical of
most aircraft propulsion engine applications. Although zirconia and
some other ceramics, such as ZrSiO4, exhibit significant chemical
resistance to molten salt attack, thick ceramic coatings will fail
mechanically if the salt infiltrates the strain-accommodating poros-
ity and microcracks.2:4 To alleviate this problem for industrial
turbine application, NASA has found that laser glazing of the sur-
face of the zirconia can significantly increase durability of TBCs
in the presence of molten salt films.4 similarly, Westinghouse has
reported that thin glass-rich surface layers also inhibit molten
salt damage to TBCs.2

Finally, it should be noted that the as-sprayed surface of a
TBC is substantially rougher [e.g., 6.3um (250u inch)] than metallic
surfaces. This level of roughness is acceptable on components with
relatively low gas velocities (combustors and transition liners) but

21-5477
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adversely affects the aerodynamic performance of turbine blades and

vanes. Consequently, airfoils with plasma-sprayed TBCs require some
form of media finishing to reduce surface roughness to about 2.5um
(100 u inch).

3.1.2 EB-PVD Coatings

EB-PVD is the other coating process that has been successfully
used to apply TBCs that are viable on gas turbine blades and vanes.
Conceptually, this method is a modification of the high-rate vapor
deposition process for metallic coatings that has been successfully
used to coat millions of turbine airfoils.® Power to evaporate the
ceramic coating material is provided by a high-energy electron beam
gun. Oxygen is also bled into the yttria-stabilized zirconia vapor
cloud to minimize any deviations from stoichiometry during coating.
This process feature is required since zirconia becomes somewhat
oxygen deficient due to partial dissociation during evaporation in a
vacuum. Vapor from this cloud condenses onto the turbine airfoil to

form the coating.

Unlike the plasma sprayed TBCs, EB-PVD TBCs achieve maximum
durability when applied to a smooth, preferably polished, surface.®
Consequently, this type of coating depends on a chemical bond for
adhesion of the ceramic and metallic layers. Higher deposition tem-
peratures in the 870 to 1090C range and/or postcoating heat-treat-
ments in the 980 to 1090C range are typically used to achieve the
required bond quality. Clean surfaces that are free of absorbed
gases (e.g., water vapor) and loose oxides are also required to
obtain an adequate ceramic-to-metal bond during coating.

Ceramic layer microstructure modification for strain accommoda-
tion has been most successful with EB-PVD-applied TBC systems. As
shown in Figure 3-4, the EB~-PVD process has the capability of
depositing the ceramic layer with a columnar microstructure with

21-5477
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Figure 3-4. EB-PVD-Applied TBC System Has a Strain-Tolerant
Columnar Zirconia Microstructure. (Photograph courtesy of
Temescal)
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intercolumnar structural discontinuities, which results in neglig-

ible stress build-up in the zirconia layer of the coating. To il-
lustrate the success of this approach, NiCoCrAlY + 125um Y503 (20
percent weight) stabilized 2rO; coatings applied to MAR-M 200+Hf
specimens have been burner rig tested to more than 29,000 cycles
without failure (cycle: 1010C/4 minutes + forced air-cool/2 min-
utes).6,7.8

Close inspection of the ceramic-to-metal interface zone of an
EB-PVD applied coating (Fiqure 3-4) indicates the presence of a
thin, dense zirconia layer adjacent to the oxidation inhibiting
aluminum oxide scale. This dense layer improves bonding but can
develop high compressive stresses during cooling due to the ceramic-
metal thermal expansion mismatch. Consequently, thickness of the
dense zirconia layer is minimized during deposition to 1less than
about 2 microns to avoid overloading the interface.?

The formation of the dense zirconia appears to be associated
with the initial deposition of the zirconia in an oxygen-deficient
condition, which enhances the development of the bond and the sin-
tering aid effects of transient oxides (e.g., NiO, Cr;03) on the
surface of the alumina scale. Once the bond has been established,
the oxygen bleed is quickly activated to facilitate the formation of
stoichiometric zirconia and the open columnar (low-stress) micro-

structure.

Erosion resistance of TBC systems is microstructure dependent.
A general trend is that denser zirconia coatings are more erosion
resistant. Erosion rate data for a medium percent (10 to 15 per-
cent) porosity plasma-sprayed yttria-stabilized =zirconia, EB-PVD
yttria-stabilized =zirconia, and laser-glazed EB-PVD zirconia are
illustrated in Figure 3-5. Inspection of this data indicates TBC

21-5477
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Figure 3-5. TBC Erosion Rates Are Dependent on Zirconia
Microstructure and Impingement Angle.
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erosion rates are strongly dependent on particle impingement angle

and surface condition. Some laser—-glazed EB-PVD zirconia coatings
have exhibited low rates of erosion.

3.2 TBC Durability and Life Prediction

Durability of a TBC system on gas turbine components in an air-
craft engine depends predominantly on the strain tolerance of the
ceramic layer, toughness of the ceramic-metal interface, and the
oxidation resistance of the metallic bond coating layer.

3.2.1 Thermomechanical Considerations

The effectiveness of the strain-accommodating microstructural
features was verified by Sheffler 9 in spalling strain tests. Both
plasma-sprayed and EB-PVD applied TBC systems were reported to have
a significant strain-tolerant range (>|%1 percent| strain) as indi-
cated in Figure 3-6. Examination of the data indicated that the
spalling strains for the plasma-sprayed zirconia were not strongly
dependent on thickness or temperature. The strain tolerant range
for EB-PVD applied zirconia coatings was also greater than those of
the plasma-sprayed system. These data indicate that both plasma-
sprayed and EB-PVD yttria stabilized zirconia coatings can be
applied with sufficient strain tolerance for most gas turbine appli-

cations.

Fracture toughness of yttria-stabilized zirconia coatings has
been estimated using a double cantilever‘beam,2 hardness indenta-
tion,l0 and modified bond test methodsll (Figure 3-7). As indicated
in Figure 3-8 for NiCoCrAlY plus EB-PVD yttria-stablized-zirconia
coated specimens processed with different conditions, the toughness
test provides considerable failure mechanism information in addition
to the Ky, measurement. The fracture plane, in particular, is
clearly identified. Elements present on the fracture surfaces can
be quantified by an energy dispersive X-ray (EDX) analysis, and the

21-5477
16



P-148:0618

GARRETT TURBINE ENGINE COMPANY
A DIVISION OF THE GARRETT CORPORATION
PHOENIX, ARIZONA

g

157

10—

e

pLASMA SPRRL. —

1 T Y 1 1 1 TEMPERATURE, C
1000

PLASMA SPRaY

[—]

5
Q
24,
104 ZIRCONIA THICKNESS: 125-250um
(5 TO 10 MILS)
RET

MINIMUM STRAIN (%) TO SPALL ZIRCONIA LAYER, PERCENT

Figure 3-6. Spalling Strains for Thermal Barrier Coatings Are
Dependent on Deposition Process and Zirconia Microstructure.
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Figure 3-8. Interfacial Toughness Test Identifies Micro-
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Modifications.
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fractured microstructure can be examined at high magnifications with

SEM. Consequently, the weak point(s) in the system can readily be
identified, which facilitates the corrective process or composition
adjustments. These tests have yielded toughness values in the range
of 0.5 to 3.2 MPa/m for plasma-sprayed yttria (8 weight percent)
stabilized =zirconia coatings. Interfacial toughnesses of EB-PVD
yttria-stabilized =zirconia coatings are also within this range.
Toughnesses in this range are sufficient for ceramic coating adhe-
sion (and cohesion) provided that the stresses within the zirconia
layer are very low; i.e., achieving the low modulus microstructures
is critical to a successful application.

As indicated in Figures 3-6 and 3-9, zirconia spalling can be
caused by tensile and compressive strains.? For TBC-coated compo-
nents, it has been reported that the most consistent failure mode of
the TBC is compressive buckling.9,11,15

Zirconia spalling is caused by the complex coating and inter-
face stresses that result from several loading sources. The ther-
mal-mechanical response of the substrate material dominates the
coating response. Centrifugal loads and thermal gradients combine
to produce a thermal-mechanical response cycle that provides
boundary conditions for the 2zirconia and bond coat response. The
coating and interface stresses are further complicated by thermal
stresses that develop due to thermal gradients across the coating
and the mismatch in thermal expansion between the coating and sub-
strate. The modeling of the coating and interface stresses that
drive the failure process requires constitutive data describing the
response characteristics of the =zirconia, the bond coat, and the
substrate. Time-dependent volumetric changes in the coating due to
sintering shrinkage and phase transformation can lead to coating-
substrate mismatch and additional coating interface stresses.
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Figure 3-9. TBCs Have Tensile and Compressive
Mechanical Failure Modes.
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Andersson, et al., at Westinghouse? have attempted to solve the
mechanical problem by developing a fracture mechanics approach to
analyze the propagation of interfacial cracks to a critical size.
Their analysis indicated that TBCs could be predicted to have satis-
factory lives in industrial turbines (operating with clean fuels)
with low effective values of the =zirconia elastic modulus in the
order of 7 to 21 GPa.

Measured cyclic crack growth rates parallel to the ceramic-
metal interface had a 1large exponential dependence on the stress
intensity factor:

da 17.3

an - 153.4 AK7
where da/dN is the cyclic crack growth rate and AKy is the stress
intensity factor in MPayYm for a crack propagating parallel to the
interface. For stresses normal to the interface less than 5.5 MPa,
lives in excess of 104 cycles could be calculated. For slightly
higher stresses above 9.0 MPa, one-cycle failures were predicted.
(Residual stresses, which can be beneficial,l were not considered in
this Westinghouse analysis.)

The magnitude of the exponent on the cyclic crack growth rate
relationship may preclude reliable fracture mechanics analyses of
stable crack growth. If this is the case, the flaw sensitivity of
TBCs will require a critical stress intensity factor criterion.

It should be noted that the'Andersson analysis is an extension
of an earlier TBC life analysis by McDonald and Hendricks.16 Both
of these analytical models assumed that mechanical damage occurred
during heat-up in the first few seconds of each cycle. Miller and
Lowelll3 tested that hypothesis and concluded that heat-up stresses
in a Mach 0.3 burner rig were insufficient to spall a good coating
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unless oxidation-induced crack growth occurred during prior thermal
cycles. Very high heat flux tests conducted by Miller and Berndtl7
also showed that a good coating will not fail on heating unless
there has been considerable preoxidation. Prior to this progran,
however, the possibility of reducing the fracture toughness of a
good zirconia coating to significantly lower values as a function of
exposure time and temperature has not been investigated. An Anders-
son type analysis is expected to be wvalid for TBC systems with low
fracture toughness.

3.2.2 Thermochemical Considerations

For TBC systems with adequate strain tolerance, oxidation or
molten salt film damage becomes the life-limiting factor.l1/12 gince
the =zirconia layer is wvirtually transparent to oxygen, oxidation
resistance is provided by the metallic coating layer. Compositions
of these coatings are tailored to form thin, adherent, aluminum
oxide scales at the boundary between the metallic and ceramic coat-
ing layers. This alumina layer grows very slowly and inhibits addi-
tional oxidation.

Spalling failures are induced by the kinetics of the breakdown
of the oxidation-resistant metallic coating layer and its protective
alumina scale. This should not be interpreted to mean that cracking
or crack propagation is absent in strain-tolerant TBCs. Spalling
necessarily involves the propagation of cracks. The primary differ-
ence between strain-tolerant and nonstrain-tolerant TBCs is that the
kinetics of crack propagation are controlled by oxidation (time and
temperature) 1in strain-toleraht TBCs. The following two examples
illustrate this conclusion.

For plasma-sprayed TBCs, breakdown of the oxidation-resistant
bond coating frequently occurs at the high points. One possibility
is that when the alumina scale breaks down, other faster growing me-
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tallic oxides (e.g., NiO) are produced with additional oxidation.
The volumetric expansion of these oxidation products propagates
microcracks in the ceramic layer by a wedge open loading mechanism
as indicated in Figure 3-10. On subsequent heating, the ceramic
layer is thermally isolated from the substrate by the crack. Rapid
heating of the unbonded ceramic region results in rapid thermal
expansion, which further propagates the microcracks until buckling

and spalling occur.1ll,13

For EB-PVD coatings with open columnar microstructures, the
stresses on the ceramic-metal interface are primarily dependent on
the thickness of a thin, dense ceramic layer adjacent to the metal-
lic layer surface.? The alumina scale, which increases in thickness
as a function of time and temperature in an oxidizing environment,
is included in the dense ceramic layer thickness that loads the cer-
amic-metal interface (e.g., by ceramic-metal thermal expansion mis-
matched stresses). Consequently, alumina scale growth will eventu-
ally result in ceramic-layer stresses sufficient to overload the
interface or sustain crack propagation in the dense ceramic layer
adjacent to the interface.

Although both TBC failure mechanisms described have mechanical
attributes, the failure rates are controlled by oxidation and, con-
sequently, are time~ and temperature-dependent.

Available data in the literature indicates that the oxidation
resistance of TBCs applied by the EB-PVD process can be somewhat
better than those applied by plasma-spray processes.6-9/11 Fig-
ure 3-11 illustrates this conclusion with the best literature data
reported to date as a function of bond coating temperature. The
slopes extrapolating the temperature dependence are based on experi-
ence with metallic coating oxidation. Other variables that affect
TBC life are cycle frequencyl? and bond coating thickness.
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21-5477
25



P-148:0903

m GARRETT TURBINE ENGINE COMPANY

LA J A DIVISION OF THE GARRETT CORPORATION

-~ PHOENIX, ARIZONA
10.000 3
] OFEB PVD
] . A PS (AIR)
2 ] e T LPPS
2 1 lPWAg) R
" {40000 CYCLES) o
£ 1" RN
= 10004 20.000 o~ |
S 37 cveLes) 56e N 280
— 3 O |GTEC ° T
% 1 9000 CYCLES) (WA NG
& ] 7800 CYCLES) S~ (PWA l
[} -t
< Sz oveesil
o - >
= Y {6TEC
E (172 CYCLES)
] ' . ,
30— TR T 1150

METAL TEMPERATURE, C
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One reason for the differences in oxidation resistance is
attributable to the plasma-sprayed TBCs requirement for a rough cer-
amic-metal interface to achieve an adherent, mechanically inter-
locked TBC system. The very rough ceramic-metal interface signifi-
cantly increases the surface area requiring protection, compared to
the smooth interface of EB-PVD coatings.

Another factor affecting the durability of plasma-sprayed TBCs
is the quality of the metallic bond coating layer. In particular,
spraying the bond coat in air results in significant oxidation of
the aluminum and other reactive elements such as Hf, Y, and Zr,
which facilitate adhesion of the alumina scale at the ceramic-metal
interface. Consequently, as shown in Figure 3-11, application of
the bond coating layer in the relatively clean low-pressure argon
environment of the LPPS process can significantly increase oxidation

resistance.

To be a viable mission analysis and design tool, thermochemical
life prediction models must predict coating durability as a function
of engine, mission and materials system factors. GTEC has developed
a mechanistic model (Figure 3-12) which predicts oxidation and hot
corrosion life of metallic coatings in terms of metal temperature,
fuel quality, aircraft altitude (salt ingestion), turbine pressure
and velocity.14 Computer—-generated coating lives for a diffusion
aluminide coating are provided in Figure 3-13 to illustrate the cap-

ability of the model.

A similar approach is anticipated in the development of a ther-
mochemical model for TBC 1life. In steady-state burner rig tests,
simulating industrial turbine conditions, TBC failure conditions
have been successfully correlated as a function of condensate
melting points and dew points.18 Although hot corrosion attack of
the zirconia is not expected to be significant in an aircraft engine
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environment, molten salt film induced mechanical damage is of con-
cern for some mission environments. Therefore, a salt-film damage
function of temperature, pressure, and altitude (salt ingestion) is
expected to be incorporated into a thermochemical 1life model for
TBCs. The anticipated shape of the TBC life model is shown in Fig-

ure 3-14.
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4.0 TBC SYSTEMS AND SPECIMEN PROCUREMENT

The objective of this program is to develop life prediction
methods for plasma-sprayed and EB-PVD TBC systems. This effort is
focused on the following TBC systems applied by three commercial

suppliers:

Chromalloy - NiCrAlY (LPPS) + 8 percent Y03 stabilized ZrOj
(APS)

Klock - NiCrAlYy (LPPS) + 8 percent Y503 stabilized ZrOj (APS)

Temescal - NiCoCrAlY (EB-PVD) + 20 percent Y303 stabilized Z2rOj
(EB-PVD)

Compositions and microstructures of these TBC systems are reviewed

in the following paragraphs.

LPPS and air plasma-spray (APS) processes were used to apply
the Ni-31Cr-11A1-0.5Y oxidation-resistant bond coating and insu-
lative Y03 (8 percent) partially stabilized zirconia layers of the
TBC system, respectively. Specimens were coated using the fixed
(proprietary) processes of Chromalloy Research and Technology in
Orangeburg, New York and Klock in Manchester, Connecticut. Micro-
structures of the Chromalloy and Klock plasma-sprayed TBC systems

are provided in Figures 4-1 and 4-2.

EB-PVD coatings were applied by Temescal in Berkeley, Cali-
fornia using their established (proprietary) fixed process. The EB-
PVD TBC system featured a columnar grained EB-PVD applied yttria
(20 percent) fully stabilized cubic zirconia insulative layer on top
of a Ni-23Co-18Cr-11A1-0.3Y EB-PVD oxidation resistant bond coating.
The microstructure of the EB-PVD TBC system is provided in Figure
4-3.
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Figure 4-1. Pretest Microstructure of Chromalloy Plasma-Sprayed
Ni-31Cr-11A1-0.5Y Plus Y503 (8 Percent) Stabilized ZrOp Thermal
Barrier Coating System.
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Figure 4-2. Pretest Microstructure of Klock Plasma-Sprayed
Ni-31Cr-11A1-0.5Y Plus Y703 (8 Percent) Stabilized ZrOj
Thermal Barrier Coating System.
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Figure 4-3. Pretest Microstructure of Temescal EB-PVD
Ni-23Co-18Cr-11A1-0.3Y Plus Y303 (20 Percent) Stabilized
ZrOy Thermal Barrier Coating System.
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Capabilities of these TBC systems are being established on
specimens machined from MAR-M 247 superalloy castings and IN-718
seamless tubing. Compositions of these alloys are provided in Table
4~1. The cast MAR-M 247 superalloy, which is used in the equiaxed
and directionally solidified conditions for turbine airfoils, was
selected for all specimens requiring long exposures at elevated tem-
peratures. Burner rig, cohesive (interfacial) strength and tough-
ness, and thermal conductivity specimens were machined from the MAR-
M 247 alloy and are shown in Figures 4-4, 4-5, and 4-6, respec-
tively. The cohesive strength specimen was also used for evaluating
nondestructive evaluation (NDE) feasibility. Tension and compres-
sion spalling strain specimens were machined from the IN-718 alloy

and are shown in Figure 4-7.

TABLE 4-1. SUPERALLOY COMPOSITIONS (WEIGHT PERCENT)

Mo W Ta Cb Al Ti Cr Co Fe Bf 2r C B Ni
MAR-M 247 0.65 10.0 3.3 - 5.5 1.05 8.4 10.0 -— 1.4 0.055 0.15 0.015 Balance
IN-718 3.0 - - 5.1 0.6 0.9 18.5 - 18.0 - - 0.04 - Balance
21-5477
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Figure 4-4. Burner Rig Specimens Are Used to
Calibrate Environmental Life Model.

Figure 4-5. Cohesive (Interfacial) Strength and Toughness
Specimen Is Used to Obtain Fracture Mechanics Data. This
Specimen Is Also Used for NDE Feasibility Studies.
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Figure 4-6. Thermal Conductivity Specimens Are Used to
Quantify Heat Conductance of Thermal Barrier Coating System.

Figure 4-7. Thin-Walled Tube Specimens Are Used to Measure
Zirconia Modulus and Spalling Strains in Tension and Compression.
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5.0 TBC SYSTEM CHARACTERIZATION

In preparation for the development of thermomechanical and
thermochemical models for TBC life, the TBC systems are being char-
acterized for strength and toughness, tensile and compressive
spalling strains, oxidation and molten salt film damage, and thermal
conductivity. In addition, feasibility is being assessed for NDE
methods to quantify TBC thickness, flaw sizes and insulative cap-
ability. The status of these investigations is reviewed in the fol-

lowing paragraphs.

5.1 TBC Strength and Toughness

As noted in Section 3.0 (Figures 3-7 and 3-8), a bond strength
test can be modified with an artificial flaw in the zirconia or at
the zirconia-bond coating interface to yield fracture mechanics data
and the cohesive or interfacial strength. Consequently, the objec-
tives of these tests are to characterize the fracture strength,
toughness, and effective flaw sizes for the Chromalloy, Klock, and
Temescal TBC systems. These TBC properties are being characterized
for specimens in the as-received condition, after initial thermal

cycling (three 1l0-minute exposures to 1000C followed by air cooling)
and after extended exposures in a high temperature oxidation

environment (e.g., up to 60 hours at 1150C and up to 600 hours at
1100C). Results of tests performed thus far are reviewed below.

Cohesive strength data for the plasma-sprayed zirconia were
obtained by epoxy bonding TBCed bond sﬁecimens (Figure 3-7) into
threaded pull rods and loading to fracture in a universal tensile
test machine. Fracture toughness of the =zirconia was obtained by
incorporating an artificial (vacuum grease) flaw of known diameter
into the coating and testing in a similar manner. The fracture
toughness relationship for a penny-shaped crack in an infinite body
subjected to uniform tension,
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Kie = 2//7 og /c/2 Equation (1)

where of is the fracture strength of the flawed specimen and c is
the flaw diameter, was used to estimate the fracture toughness of
the yttria partially stabilized zirconia layer.

The Chromalloy cohesive toughness specimens failed as expected
at the artificial flaw as shown in Figure 3-7. Cohesive strength
specimens failed in the zirconia just above the NiCrAlY bond coating
(Figure 5-1) or in the epoxy at higher failure stresses. Average
values for fracture toughness, cohesive strength, and effective flaw
sizes calculated from Equation 1 are provided in Table 5-1 for the

Chromalloy TBC system.

These tests indicated that thermal cycling increased the frac-
ture toughness (Figure 5-2) and cohesive strength of the zirconia.
Microstructures and fracture surfaces are being examined with the
scanning electron microscope (SEM) and X-ray diffraction to deter-
mine if the increase in toughness is associated with microcracking

or phase transformations.

Cohesive strength and toughness of the =zirconia 1layer of the
Chromalloy TBC system has also been measured as a function of expo-
sure time at 1150C. As indicated in Figure 5-3 and Table 5-2, expo-
sures of 10 to 60 hours at 1150C reduced the zirconia toughness.
Visual examination indicated that the cracks in the toughness speci-
mens propagated within the zirconia. Posttest examination of these

specimens is in progress.
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Figure 5-1. Cohesive Strength Failures of Chromalloy TBC
System Occur Adjacent to the NiCrAlY-Zirconia Interface.
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TABLE 5-1. COHESIVE STRENGTH AND TOUGHNESS OF CHROMALLOY
PLASMA-SPRAYED TBC SYSTEM

ARTIFICIAL T E0
SPECIMEN 10000  THERMAL EXPOSURE FAILURE FLAW SIZE, o T
IDENTIFICATION  CYCLED  TEMP.C  TIME HR  STRESS. MPa mm Kig. MPay/m " . COMMENTS
C10K0-24 NO - - 189 0 - 12
C10K0-25 NO — — 198 0 - 1
C10K0-26 NO - - 214 0 - 09
CI0K3-1 NO — - 121 30 055 Z
C10K3-2 NO - - 13 30 049 —
CI0K33 NO - - 128 25 051 -
CI0K6-25 NO - - 170 5.0 096 - CRACK PATH
TURNED DOWN
ALONG BOND
COAT INTERFACE.
C10K6-26 NO - - 167 50 0.4 - SAME AS
C10KB-25
CI0KG-27 NO - - 95 50 053 -
C10K0-21 YES - - 27 0 = <17 EPOXY FAILURE
C10K0-22 YES _ - 213 0 — <22 EPOXY FAILURE
C10K0-23 YES - - 212 0 — <13 EPOXY FAILURE
C10K34 YES - - 153 25 061 =
CI0K35 YES - - 170 25 0.68 -
CI0K3-6 YES - - 86 28 036 -
C10K6-2) YES - - 163 50 092 -
C10K6-22 YES - - 207 5.5 122 -
C10K6-23 YES - - 168 a9 094 -
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Cohesive Toughness of Chromalloy Plasma-Sprayed

Zirconia Is Increased by Thermal Cycling.
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Figure 5-3. Cohesive Toughness of Chromalloy Plasma-Sprayed
Zirconia Is Reduced by 1150C Exposure.
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TABLE 5-2.
PLASMA-SPRAYED TBC SYSTEM AFTER AN 1150C EXPOSURE

COHESIVE STRENGTH AND TOUGHNESS OF CHROMALLOY

ARTIFICIAL CALCULATED
SPECIMEN 1000C THERMAL EXPOSURE FAILURE FLAW SIZE, CRITICAL
IDENTIFICATION  CYCLED  TEMP.C  TIME, HR  STRESS., MPa mm Kic. MPay/m FLAY'IWS'ZE. COMMENTS

C10K0-11 NO 1150 60 221 - - 0.78

£10K0-12 NO 1150 50 2.1 - - 061

C10K0-13 NO 1150 30 229 - - < EPOXY FAILURE
£10X0-14 NO 1150 0 280 — - <0.74 EPOXY FAILURE
C10K0-15 ND 1150 10 320 - - <048 EPOXY FAILURE
£10K0-16 NG 1150 10 28.7 - - <080 EPOXY FAILURE
C10K0-17 NO 1150 3 313 - - <104 EPOXY FAILURE
C10K0-18 NO 1150 3 320 - — <in EPOXY FAILURE
£10K0-19 NO 1150 1 20.1 - - <24 EPOXY FAILURE
£10K0-20 NO 1150 | 37 - - <21 EPOXY FAILURE
£10K6-11 NG 1150 60 86 5.0 049 -

£10K6-12 NG 1150 50 87 50 050 -

C10K6-13 NO 1150 30 103 50 058 -

C10K6-14 NO 1150 30 13 5.0 064 -

C10K6-15 NO 1150 10 8.7 5.0 0.49 —

C10K6-16 NO 1150 10 109 50 0.62 -

C10K6-17 NO 1150 3 144 50 0.81 -

C10K6-18 ND 1150 3 14.1 5.0 0.80 -

C10K6-19 NO 1150 i 19.3 5.0 0.78 -

C10K6-20 NO 1150 1 197 5.0 0.79 -
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In contrast, the initial cohesive strength and toughness tests
of the Klock TBC system yielded little useful data. Due to the
higher amount of interconnected porosity in the Klock specimens, the

epoxy wicked to the NiCrAlY-zirconia interface for specimens bonded
equivalently to the Chromalloy specimens. Subsequent efforts to
seal the surface of the Klock specimens with a thin epoxy layer
before bonding to the pull rods or increasing the viscosity
(hardener content) of the epoxy were also unsuccessful; these latter
efforts yielded low stress failures that initiated in the epoxy.
Further testing of Klock cohesive strength and toughness specimens
is being suspended until the epoxy wicking problem can be resolved.

Adhesive strength tests of Temescal's system have also been

performed. Thus far, the adhesive strength of the =zirconia-
NiCoCrAlY coating interface has exceeded the strength of the epoxy.

Epoxy failures stresses for fourteen specimens ranged from 27.1 to
38.8 MPa.

5.2 Tension/Compression Spalling Strain Tests

Tension and compression tests of the Chromalloy TBC system has
been initiated to quantify tension and compression spalling strains.

Preliminary test data are provided in Table 5-3.

Thus far, the tensile test results indicate that the zirconia
can experience substantial strain (up to 4 percent) and tensile
cracking without spalling at room temperature. As shown in Figure
5-4, spalling of the zirconia did not occur even when the substrate
failed.

Zirconia spalling and buckling of the 10-mil-thick tube wall
have occurred approximately concurrently in initial compression
testing. In all instances, specimen failure strains have exceeded
0.8 percent strain in compression. Compression failure of one spec-
imen did not occur until a strain of 3.1 percent had been obtained

(Figure 5-5).
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TABLE 5-3.
CHROMALLOY TBC SYSTEM ARE BEING ESTABLISHED

ZIRCONIA SPALLING STRAIN LIMITS OF

ZIRCONIA_SPALLING STRAIN
SPECIMEN ZIRCONIA 1000 TENSION, COMPRESSION.

IDENTIFICATION THICKNESS CYCLED® PERCENT PERCENT COMMENT

CI0RS-6 250.m KO >40 - TENSILE CRACKING IN TBC, BUT NO ZIRCONIA
SPALLING.

Cl0RS-8 250um NO >40 - TENSILE CRACKING IN TBC, BUT NO ZIRCONIA
SPALLING.

CI0RS-10 250.m NO >38 - TENSILE CRACKING IN TBC, BUT NO ZIRCONIA
SPALLING.

CI0RS-2 250.m N - 1.0 SUBSTRATE BUCKLING AND ZIRCONIA SPALLING.

CIORS 5 250.m ND - 085 SUBSTRATE BUCKLING AND ZIRCONIA SPALLING

CI0RS-7 250,m ND - 3 SUBSTRATE BUCKLING AND ZIRCONIA SPALLING

Cl0RS9 250um YES >40 - TENSILE CRACKING IN TBC. BUT NO ZIRCONIA
SPALLING

CORS-1 0 YES 0.76 - SPECIMEN FAILURE.

C5RS-2 125um YES >20 - TENSILE CRACKING IN TBC, SPECIMEN FAILURE,
BUT NO ZIRCONIA SPALLING.

C5RS-3 1250m YEs >1.0 - TENSILE CRACKING IN TBC, SPECIMEN FAILURE.
BUT NO ZIRCONIA SPALLING.

CI5RS-2 315um YEs >15 - TENSILE CRACKING IN TBC, SPECIMEN FAILUAE,
BUT NO ZIRCONIA SPALLING.

ALL SPECIMENS HAVE A 125,m Ni-31Cr-11A1-0.5Y BOND COATING.

*THREE 10-MINUTE CYCLES TO 1000C
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SPECIMEN C10RS-9
TENSILE STRAIN: 4.0 PERCENT

Figure 5-4. Zirconia Layer of Chromalloy TBC System Did Not
Spall When the Specimen Failed. Numerous Parallel Tensile
Cracks Were Observed in the Zirconia.

SPECIMEN C10RS-7
COMPRESSIVE STRAIN: 3.1 PERCENT

Figure 5-5. Compression Spalling and Substrate Buckling
Occurred Approximately Concurrently.
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Based on a previous study by Sheffler et al.,? spalling strains

exceeding 2 percent at room temperature were unexpected.

5.3 Environmental Tests

Burner rig tests to calibrate the thermochemical TBC life model
(Figure 3-14) have been initiated. The following two tests are in

progress:

o 1150C cyclic oxidation
o 925C with 10 ppm sea salt

Duplicate specimens of each TBC system are being concurrently

evaluated in each test.

5.4 Thermal Conductivity

Insulative capability of a TBC system and the amount of thermal
strain within the =zirconia layer requires that the thermal conduc-
tivity of the insulative layer be well characterized. Thermal con-
ductivity data available in the 1literature for yttria-stabilized
zirconia vary by about one-half order of magnitude, which is unac-

ceptable for design analyses. Consequently, thermal conductivity
data is being obtained for TBCs applied by Chromalloy, Klock, and

Temescal. Thermal conductivity measurements are currently being
performed on the Chromalloy and Klock plasma-sprayed TBC systems at
Dynatech in Cambridge, Massachusetts. Data is being obtained at
500, 800, and 1000C. '

5.5 Nondestructive Evaluation Technologies

Feasibility for advanced nondestructive evaluation (NDE) tech-
nologies is being assessed to ensure TBC reproducibility and support
the application of thermomechanical life prediction models. Candi-
date techniques being evaluated in this program include:

21-5477
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o) Eddy current

o} Photothermal radiometric imaging (Dr. I. Kaufman, Arizona
State University)

o Scanning photoacoustic microscopy (Dr. R. Thomas, Wayne
State University)

These technologies are being evaluated for their capability to
quantify zirconia thickness, flaw size, and insulative capability.

Disk specimens (Figure 4-5) <coated with the Chromalloy
TBC system have been evaluated with the eddy current technique.

Results from thickness measurements indicate that wvariations of
about 25 to 50um in the zirconia thickness will be detectable. The

eddy current inspection output of the x-y plotter for the Chromalloy
specimens is shown in Figure 5-6. The lines indicate the motion
along the 1liftoff curve of the operating point as the probe is
lowered to the surface. Scatter of the end points of the liftoff
curves for all the Chromalloy NDE specimens is shown in Figure 5-7.
Five points were taken for each specimen along with air and the
uncoated back of each specimen. From these results, the present
eddy current technique 1is clearly capable of zirconia thickness
determination with resolution to about 25 to 50um.

Evaluation of the other NDE techniques will occur during the
second year of this program.

5.6 Factory Engine Test

TFE731-5 high-pressure turbine blades have been coated with
each of the program TBC systems. These blades will be "piggyback"
tested in a TFE731 turbofan factory engine to provide data to verify
life prediction model accuracy.
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Figure 5-6. Variation of Resistance with Reactance Is
Sufficient to Use Eddy Current Technology to Quantify
Zirconia Thickness.
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Figure 5-7. Reproducibility of Eddy Current Response Is Good
for Chromalloy Thermal Barrier Coating System.
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6.0 CONCLUSIONS

The objectives of this program are to develop mission-analysis-

capable life models for plasma-sprayed and EB-PVD applied TBC sys-

tems.

Based on the literature review and initial data obtained in

the program, the following preliminary conclusions can be reached:

Fracture toughness of plasma-sprayed zirconia is dependent
on thermal cycling and time at high temperatures. A frac-
ture mechanics model for zirconia spalling as a function
of toughness, temperature, and time appears to be feasi-
ble. Additional data are being obtained to investigate
this approach.

It appears to be feasible to modify a GTEC-developed
oxidation/hot-corrosion life model for metallic coatings
to predict TBC 1lives in terms of engine and mission
parameters (e.g., coating temperature, aircraft altitude,
turbine pressure). Burner rig data are being obtained to
validate this approach.

Eddy current technology is wviable for nondestructively
measuring zirconia thickness.
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